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REMARKS/ARGUMENTS 

Reconsideration of tliis application is requested. Claims 1-5, 8-22, 27-53, 65 and 
66 are in the case. 

]. ELECTION/RESTRICTION 

The election of Group I, claihis 1-26, 51-53 and 57, is affimned. Applicants also 
afTirm the eieptlon of the compound of 52 aa set forth in paragraph 4 on page 2 of the 
Action. Non-elected claims 27-50 are withdrawn. 

II. THE 35 U.S.C. St12. FIRST PARAGRAPH. REJECTION 

Claims 8-21 stand rejected under 35 U.S.C. §1 12, first paragraph, on lacic of 
enablement grounds for the reasons detailed on page 3 of the Action. In particular, the 
Action asserts that while the specification is enabling for use of compounds of Ibmfiula 
(I) for treating ceils In vitro, it .allegedly does not reasonably provide enablement for use 
of compounds of the formula (I) for treating cancer (i.e., anti-cancer treatment). In vivo. 
The. rejection is respectfully traversed. 

The Action asserts, in the paragraph bridging pages 5 and 6, that the only 
direction or guidance present In the sjseciflcatlon Is the listing of exemplary in vito 
invasion assays of cells. This is incorrect. In this regard, atterition is directed to Table 4 
on pages 61 and 62 of the specification. Table4 gives data showing significant activity 
of compounds of formula (1 ) against hypoxic cells in SiHa human cervical carcinoma 
xenografts in nude mice. Figure 2 also presents data showing fn vivo activity of the 
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compound lb-7P as a nitroreductase activated cytotoxin against human colon 
carcinoma xenografts in nude mice. 

The activity of certain compounds of formula (I) has also been the subject of 
significant Investigation post-filing of the present application. Much of that Woric has 
been published, particularly with respect to the elected single species, the compound of 
claim 52. In this regard, attention is directed to the attached a copy of the following 
published paper: 

. Patterson, A.V., Ferry, D.M., Edmunds, S. j., Gu, Y., Singleton, R. S., 
Patel, K.. Pullen, S., Syddall, S. P., Atwell. 0. J. Yang, S., Denny, W. A., 
Wilson, W- R. Mechanism of action and preclinical antitumor activity of the 
novel hypoxia-activated DNA crosslintdng agent PR-1 04. C/in, Cancer 
Re;, 2007, 13,3922-2932. 

This paper describes the activity of the compound referred to as PR-104, which 
is the compound claimed in claim 52 of the present application, in a variety of xenograft 
models (see Figure 6 and Table 1 ) In vtvo. The results in the paper show that PR-104 
has marked activity against multiple human tumors in xenograft models in mice. 

. In light of the above, it is clear that the presently claimed invention is supported 
by an enabling disclosure, and that one of ordinary skill, as of the filing date of the 
application could have can-ied out the invention without the exercise of undue 
experimentation. Withdrawal of the lack of enablement rejection is accordingly 
respectfully requested. 
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III. THE 35 U.S.C. S112. SECOND PARAGRAPH. REJECTION 

Claims 23-26 stand rejected under 35 U.S.C. §1 12, second panagraph, as 
allegedly Indefinite. In response, and without conceding to this rejection, claims 23-26 
have been cancelled without prejudice. Withdrawal of the 35 U.S.C. §112, second 
paragraph, rejection is respectfully requested. 

IV. THE35U.S.C.6101 REJECTION 

Claims 23-26 stand rejected under 35 U.S.C. §1 01 as not setting forth any 
process steps. In response, as noted above, claims 23^26 have been cancelled without 
prejudice. Withdrawal of the 35 U.S.C. §101 rejection is respectfully requested. 

V. DOUBLE PATENTING 

Claims 1-26, 51.-53 and 57 stand provisionally rejected on obviousness-type, 
double patenting grounds as allegedly unpatentable over claim 24 of co-jsending 
application Serial No. 1 1/654,698 to Patterson etal. In response, it Is noted that 
application Serial No. 11/654,698 was filed in the USA on 18 January 20Q7, claiming 
priority from a New Zealand application filed on 1 1 September 2006. The present 
application has an actual US filing date of 30 April 2006. an effective filing date of 29 
October 2004 and claims piion'ty from New Zealand applications filed on 31 October 
2003 and 28 September 2004. The present application therefore has earlier priority and 
filing dates than those of the cited application. Withdrawal of the double patenting 
rejection is accordingly respectfully requested. 

, . ; ■:, -24.- •. ' . . ' 
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VI. CLAIM OBJECTIONS 

Claims 1, 22 and 53 have been objected to because of the use of the term 
"including", in response, claim 1 has been amended to replace the expression 
"including" by "selected from". Claims 22 and 53 have been amended to replace the 
term "including" with "comprising". Similar amendments have been made in other 
independent claims in the case. No new matter is entered. 

Claims e and 7 drawn to product by process have been objected to as being 
substantial duplicates of claims from which they depend, in response, and wi^put 
conceding to the rejection, claims 6 and 7 have been cancelled without preJiKiice. 

Withdrawal ofthedaim objections is believed to be in order. Such action is 
respectfully requested. 

Favorable action is awaited. 



LCIW:iff 

901 North Glebe Road, 1 1th Floor 
Arlington, VA 22203-1808 
Telephone: (703) 816-4000 
Facsimile: (703) 816-4100 

Attachment: Patterson, A.V., Ferry, D.M., Edmunds, S. j., Gu, Y., Singleton, R. S., 
Patel, K.. Pulien. S., Syddall, S. P., Atweil, 0. J. Yang, 8., Denny, W. A., Wilson. W. R. 
IVIechanism of action and preclinical antitumor activity of the novel hypoxia-actlyated 
DNA crosslinking agent PR-I 04. C/ln. Cancer Re;, 2007, 13, 3922-2932 
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Hypoxia is a uniquely aruracUvc lar^ct In Ortcology fw two 
ressons. The Hnt is that hypoxic cells »re obstacles to curative 
cancfir therapy with alJ major treatmeRC modalitiei. Hypoda can 
compromise outcomes of surigny by Incres^lng tumor meu* 
stssls (1-3). It is aho a major cau^ ofradioresisutnce becaii^ 
oxyg^ U a radiosensitJzer, and multiple clinical studies b»vQ 
documented the importance of hypoxia determining loc&l 
uimor control in radlothorapy Hypoxia olao contribuiea 

to chemortti&tance ihrough multiple mechanisms (7), indud- 
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ing limitations on ddivety of biood-borne drug;» to hypoxic 
regions of tumors (a, i>). The seoond reason, for taigetipg 
hypoxia id that It is a common feature of a wide variety of 
. human tumors and is typically more severe in txunors than 
in normal tlssues» thus providing a baaia for tumor selectivity 
(10,11), 

SevOTl strategia for citpJoiiing tumor hypoxia are now in 
predihics] or dlnlcai development (7}« with the main focus on 
prodrug that are activated by metabolic r^uction under 
hypoxic condiiiona to form cyiotoxlns. Early eflbrtB focused on 
quinone bioreduaive drugs, such as porHromycin (12)v and 
2-n^troimidazole -linked alltylating ^entSi such as Cl-lOlO 
[PO 144^72. the A-eoantlomer of RB 6145; i«f, 15}, although 
the Jflttcr caused iircyexBible retinal toxicity in prcclioScal 
apedet; (14; 15) and did not proceed to dinical trial, Current}y» 
the .hypoada-acdvated prodnig^ most advanced clinically are 
N-oxidcSp Sudi aft tlf^azamine (16) and banoxamrone (17), 
but are atiU daasified as tnvestigationsU dru^s. 

We have \denilfled a further class of hypoxia-actfvated 
prodrugs, dinitrobenzamide muararda (DMBM)/ which seem 
to od^r advantages in preclinical raodets. DNBM prodrug con- 
tain a latent rUtroaen mustard moiety, which becomes activated 
when either of the nina groups J9 reduced to the correspond- 
ing hydros^^lamine or amiae (18). This "electronic swi^* 
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generaies reactive nitrogen rau$card metabolites selectively 
in hypoxic cells, resulting }n hyposd^-seleoivt cytOlOXidty 
(19, 20), DN9M prodnigs have two nocahle fsfitures^ fihown 
for the prototype of (his dsss. the i4-^nitroben«Hinlde 
di^loromustard SN 2S8£2. The fxni is that Its activadon Is 
confined to lower oxygen concentnttons than for tliapiizamine 
{21)» whidi offen the potential for improved selccth^ty for 
sev^e (padioiogic] hypoxia in mmon. The second ia that its 
activated metabolites are dble to d(fiRj9e locally in tumor tissue, 
providing an efncient bystander effect (killing of tmtatgeted 
cancer cells; reft. 22, 23). We have shown thaT# unlike the 
DNBMi, ceducthre acdvation of dre^aaan^neoriiae acdve fenn 
of Q-lOlO does not provide bxsander eCEeos In hypoxic 
multicellular cultures (21). These features su^t that DNBM 
prodrugs h^ve unique potential for eacplofting tumor hypoxia 
selectively xhrovi^ The release of activated nitrogen mustards 
that can also kiU adjacfnt cells at higher oocygen concentrations. 

Here, we report the mechanisnfi of acUon and nonclinical 
aniiiurtior aciivlty of a new DNBM prodrug, PR-104 (ace Pig. 4A 
for atrucrure), which we have opdmized for hypoxic $electh'ity 
srM5 in t/rt/o antitumor activity. PR-1C4 oombiaes two key 
aspects Identified by structure-activity relatlon^p studies in 
the DMBM series; unlike the 2,4-dinitro-5'nmstaid SN 23862, 
PR-104 is a 34-diDltioben28inide-2-mustar4 which is more 
readily reduced in hypoodc c^\l% and its asyznmetrlGal nitrogen 
mustard contains mor^ reactive leaving groups (bromide and 
mesylate rather than chloride). We sbowf that Pl?ri04, a water- 
soluble phosphate ""prfrprodrug," is converted efficiently to ^e 
more llpophlUe DNBM alcohol PR-1D4A« which is a hypoxia^ 
sdeoive DNA cross-linking ^eat and cytotoxin* PK 104 shows 
. a higher ihcmpcutic miio than xirapasamlne for kiUing hypoxic 
cells In human tumor icenograf ta but also efBciencly kills 
aerobic ceils in tumors as shown by i(a marked single-agent 
(monotherapy} acthrhy. PR-104 is currently in a phase 1 clinical 
trial, which commenced hi January 2006. 

Compounds. PR-104 [2'(C2-bromoethyl)-2-{|(2-hydr(»yethy)) 
oiniiio]c9jbon7l>-4,9-dinitrosn11ino)e(bvl msthanestdfonaie phospfaste 
esterj' was »ynfhBS»cd, as the free iidd, fasm PR-104A as described (24]. 
Hie betcHes used (n ch(s Rudy vaded In purity from D34b to ^a% Ibf 
PA^m and 96% to 1 00% for Pl^l Q4A based oa high-perfonnance liquid 
dirematography (HPLC) with absorbance detection (254 nm)« TtiQ 
sUidiQE on combination v^th doccthxcl and semdtablne used good 
' manufacturing pncdcef B^<! P(t-104« lOC 909-01-001 (purity "97%). 
Tirapaaamfne was syndiBsiged !n this Isbontoiy (25). EXCIptent-ftce 
chlonmbudir melphalan, cisplatb), and cydaphosphamide vntt pur- 
chased ftbm'Si^iifrAidiidk; and docetaxE] (Aventls PhumaJ and yrn-^ 
ciiabtne HQ (Bli Lilly and- Company) as their dinfcal fiumuladons. 
TMradeuteraied (dO stable isotppe standards of PR-104 and PIM04A 
were a^tbesdzed b9 de8erll>cd (26). The hydpoo^lamine metabolite of 
PR'104A PiH04a was synthesiaed by reduction of PR-1D4A (150 rag) 
vrith zinc powder (350 mg) and ammoniUfl^ acetate (250 mg] in acetone 
(13 mL]. After fiiiriing at xoom temperstuce for 4 inin* the filtrete vtsa 
purified by chromaiography on ^ica ge) with «ih^ aoctat^methanal 
10 give PR-l04Ft ( 12a m& yield) as a yellow oil. Stock sohidons of 
P]t.l04H «n acetonitrile showed 20% loss over a h at raom tempsratuxe 
but were stable for >S months at -80 "C 

Cdf aiUuTB. cell linea ware purchased i^om the Ametkan Type 
CuKure CoHectron except for gifts of Chines? hamster Hnec UV4. UV4 1, 
andftlcEHsO.l from Dr. LH. Thompson (Lawrenca Livermore Nailonal 
Laboraiory* Lfvermor^ CA). Cdls were passaged in oMBM containing 
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5% feial bovine sarunx without antibiotics for <3 months from fraan 
atodcs con^rmed to be Mycnplasnui-free by 7CR-ELISA (Roche 
DLagnootlca). 

ItOdhMm of cdZ proU/innrioii in vitro. C?lls were caqxi^d to 
COMpo\tnd» (pi^iircd as DMSO stodt soMlIons) in DS-wdl plav» for 
4 h und«r xerobic or hypoxic Conditions $nd grown for % days in fresh 
radium before suining with sulforhodamin^ b qs described previously 
(25). The \CsQ vrafl determined by iitierpolation a& the drug 
concentration redudng staining to 50% of contrals on Ute same pjatc 

Qmi9Si^tk€BllMltf\g in slnglk^Bil mpettitim und^srs^. i |cn 1 S 
muldceilular apherolda were ^jrown in spinner flasJo for 10 days 
(diameicr, -^SGO pm) and single cdls were prtparcd by dlssoetaUna 
with 0^S9b tryp&in/mrA (Life Tedinolosics, invitiogm). Sbig^e ceils 
and intact spheroids were exposed to PR-104A for 4 h as magnetically 
stirred suspensions (10 mL/bonie), at the same average cell density, 
In ctMRiM with fetal bovine sarum under flowing 5% COj in air 
or N2 in a %7*C waterbatb. Dn^tteatcd spheroids were diseoeiated 
as above, and calla were washed by gentrifugaUon and plated to dete^ 
mine ctonogantc sun^l. 

PR'lOiA niml>9lism in srfnred csfJ smpmuSons, SubcooilueAl SiHa 
monolayert in T-175 ftuks were h^trvested (trypaiTi/EDTA) to prepare 
JUSpentiOflS (2-5 x lO^/mL) in oXdEM (S-I0 WL), Whidl Were exposed 
vo PR-104A as above, Samples' were removed at inteivals» diUledj.and 
reoa7g?nated by pipetting rapidly on ice and cento^i^ (1 l«DOD ^ ^ 
for 30 s In a prechUled rotor). The extracellular medium and ajEttactal 
cd) pdleis (50 pL ice<old methanol per pellet of 2 x ckIIb, 
voriexed fiu 10 sj were firoscn at 'BO'C for subsec^ueni HPIjC Viability 
ofcdb by tiypen blue exclusion was in the range fid^ id 5546 in a4l 
samples. 

KPlc; mass ipaonrnvary^ and {vfoasMy ef ceHuUir m^dhoIirtBS^ Metha- 
nol eycraos of SiHa cdl pellets were centrifuged (13,000 x ; fbr S mtn). 
aisd diluted i:2 with ammonium fonsate buf^ (45 mmel/I* pH 4.5), 
and samplea (100 pL] were anatyzsii. by HPLC with phoood^ode 
array pnd eiecvoSprey/Bingle^stag&cluadrupole mass spectrometer detec- 
tan (Asileni uOO/MgO modd D. Agilent TfechnolOBiea) as detailed 
elwwhcre.' tbe isosbestle pointer conversion of PR-104A to ^ 
104H wa« shown to be 254 nm (data not shown); oil metaboUtca woe 
therefore quantiHed assuming' i^tincdon ooefRdent^ equal to PR-104 A 
ai this wavelets^. IntfacelluTar drug conoentradofls were calculated 
using the mean intracellular waier volume of SiHa o^ia determined 
by Coulter pulse height analysis (mean, ]r77e fL)p calibntted against 
>rr29 cells (37). in addition, exrracdKdar medium aamplei were 
ftactionsted by HPI£ using an aceionitrilc/Water gnuUent and Agilant 
] 100 fraction collector and bioaflsayed aaalML UV4 ceils iZX), Briefly, 
the ehiate was diluted lS*fold into IA^4 cultuies in 96-well plates and 
odi den^tlcfi were determined by fulfoihodamioc B staining 4 d^s 
later. 

S(n$^fi^l gtl iUctrvpUvrestM (comet Msof). SIKa cell suspensions 
(10* cell^mL in «iM£M} were enposed to PIM04A under aerobic and 
hypoodc conditions as above. The effect on DNA breaitagt induced by 
csbalt-dO •y.imdtailon (10 Cy) was assayed using Die alkaline COttiet 
assay as previously (2fi), ex£epl that images were analyzed to determine 
tail momenta using Xomet vS.O sofiware (FGnetic Iroagme 

fH2AX assays. Following drug treatment of scln'ed cell suspei^ 
sions as abcve, , cdls vr«R grown in S9 monolayers for 24 h and 
banrened with tiypsin/EOTA. Cytn^ins were fbeed with. paFafbimalde* 
hyde and stained with 4'«&^diamidino.2.pheny)indole and then for 
7H2AX using a phosphoiyUied -specific mouse monodonal sntibpdy 
(Upgtaie Blotcchnobgy) as described (29) but using on Alcxq Fluor 
488 goat antUmouse l||C seamd'ary antlbodfy (Moiecular Probes). Slicles 
were viewed with a Leioa DMH microBODpe using a jOOx 63 immer- 
sion objective and a cooled color Nikon digital aight camera. Image 



^K. Paioi at oL Atip(y«i« gf the hypoxiB-eotivBtee dinieobona^mide mveiard 
phMphats piodrud P«-i04 and hs dleohoi metsbofto PR-104A h plaaipa Md 
iftoios by liquid chiomaipsrsphy^rass speevomeirvv ttibfritt9d fw puMteodoa 
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01aini'tllno>a>pheflylin4ole<- stained nude! were outlined and ovn-l^id 
on iiTiAge* mtrg Adobe PboiOihop (v«sion 5,0 ti). For flow 

eyt07n«i7« cclU w«rc fixtd in 70% eihanoL i^hydrated. and incubated 
with tht dbove tH2AX antibody (];SOQ dilution^ 2 h) and £$condary 
ctiiuUorv 1 h) M rcom temperature. Cetls w«re rejus]>ended in 
i mU PBS containing 100 v^wL ItNase fwd 20 v%fm\* propidium 
iodtde and analywd using a Barton DZd^tnaon FACSean with CellQucst 
ftoftware uciftg foMard scaitcr tci oui debris. 

Antnaht d^ing, and taxitototT- SptdRc pathogjzn^e homo^ous 
nvide (CDUFoml"") mice (Chartos R5vi:r UboratortCS) WCPC bfCd by 
th« Aiilmfli RfiKJurcEff Uni! (UnivewUy of AucHhnd). hOUMd in 
Technipbst mtezoi^Utor ca^ iuid fed Hariui.Teklad diet IQI^I 
Animala w«re tdeniified by ear cags and weighed 18 to 28 %ZK tiie lime 
of experiments. All snimai ftucUes were approved by the UnKrey&ity 
of Audchnd Antma] Bchics Commictm (approvals H27P and C337). 
t»R'l04 fiwe add ym dissofvied in PBS 4^ t equivaleni NaHCOs. or the 
dinical fbrmubtion (Pft;104 ao£um ssit (yDphlliaied with mannico)) 
wfti recossiituied In 2 iiiL waici and dUiueS In PBS. dllorunbudl 
dissolved Cn 0.5 mmol/LN&HCOj CpH 8.5)» tinpazanLia In 0.99ft 
NaQ sDiution \ 5%% DMSQ, meiphaUn* cvdopFiosphsnilde. cisplatim 
«nd c^mdtdbino in 0.9% NdCl «o1utian» and docetaxel \r ihe 
msnuf^turef'^ diluent. Final concentratiofij of PR>104, tirapazamln^ 
diloiaTnbudK and zndpKalan were determined by spectrophotmi^. 
DoaSng aohiUons wcfc prepared freah, held at room temperature in 
amber VlaU and used within 3 H. M«idmuni Ulcraicd des6 (MTD) 
values wse deiennined ueSng 1.33-fUd dose escaladenB. Aajmab wero 
culled pionptiy irbody wei^t toes eveeeded 15% or tharfe dintcal 
signs of severie morbidity. The MTD was deAned as the highest dose 
with a frequency of &erious toxicity (UlhaUiy or oill} animals, 
with a freiijuency >l/6 st the qf5rt dose level. To identify dosfrUmiiing 
toxicities four male and tour female mice were given an' uldmaidy 
lethal dose of FR-1Q4 f 1.78 mmol/k^ Ip.) and cuUod at 43 h before the 
onaes of dgnifiGant body weight ioas. Hlslopsthology was ossesstti for 
dS tS«ni»K/oisans (see Supplemehtnty ttible si] using erandard 
formalln-fixed sections with' HAK sulnins. Rtfllnnl pathology was 
evaluate in mice surviving io end point In ihe MTD studies and 
quanUned by scoring ihaihickneaa of the Inner and outer msdear laycn 
as described (IS). 

Basaxa pSiammiilnetia, Female mfoc (three animals pftr graup) 
>vere dosed wivh 1>R-104 (S63 {MoH/k^ i.p. or l.v. Blood was collected 
by cardiac puncture under (firmlnal COx anesthesia liito EDTA uibes 
and didled» and plasma was prepared by cenirlfugailbn (3,000 x g, 
3 mtn) and swred at -SO^C Th« analytic mediod Js descdbed elsa- 
\^ere.' Briefly, thawed plasma was deprotdniaed whh 3 volumes 
methano] contaming di-PRO04 and d4-Pl%-]04A (4 ^mot/L ead)) 
at>d 100 |<T. were analysed with an A|^lem 1 100 LC/MSD by monitor- 
ing m/z valUM at 573 (PR-104), S5S (d4-ril>104)^ 459 (PR-I04A), 
and 505 (d^-PR-104A). Noncompartmental pharmacokinetic variables 
were estimated using WinNonlln version 4.0,1; area under (he curve 
values were caloilated using the log trapeaoldal rule with extapolation 
of (he terminal dope to infinity by linear regreBsion. 

Tumor eaodsfon Muiys. Turners were grarwn s.c. In ih? &ank by 
inoeuladng cells grown in tissue culture (IQ' cells in 100 mL oMEM). 
TUmon were monitored using elearonic calipers. When tumors 
reached treatmBnt Hze (mean, 517; SD, 24£) mm'], mice were 
randomiAcd to irmunent groups (Ave to seven pb group). Compounds 
were given as tingle I.p. doses alone or 5 min af^cr whole body 
iiradiation (^^Co source). Eighteen hours after treaimcai. njiitors were 
fitdsed. wei^ed« mincedi diasodated cnaymallcally/ itnd placed to 
deteniihie donogenldty 88 descdbed (9). donogens/gram of tissue 
were calculated reUtWe .to controls &nd effects of treatment were tested 
for significance (ANQVA with Dunnett's). 

' Tumor growth dslay assayf. All e^rpeHments were done in CD-I 
nud? micE, exrept Pwic-Ol growih dday> which was done in ICk severe 
combined immunoddldent mice byTCen Drug Development Services. 
Animals were randemi»ed'to treatment gioups (Ave lo nine mice per 



group] when tumors reached ireatraeni site (mean. 233; SD. B? mm^). 
rumor ai2fi and body weight were determined thrice weekly. Tumor 
volume Was calailatfid aa n (X. x w^) f 6^ wliere I ii the major axis 
and It/ Is the perpendJcuIar minor axis. Animals %vere culled 100 days 
after start of Ktotm^t or when mean tumor dlameier exceeded 1 5 mm. 
'neatment e£r»c^ was assessed by comparing survival wlUi con<r6l5 
using the log-ianh test or by post hoc aNOVa (Nolin^idak tesl) when 
multiple groups were compared (SlgmaStai v3.10).'(b addition, ihe 
raedlan rime for tumors to Inoease in volume 4-fi9)d relatire to 
p|^«reBI^lc^t volume (RlV-4} v^as determined. »nd (he spedfic growth ■ 
delay (5GD) was calculated ai the percentage Increase <n R7V-4 for 
ueat«d vewvs conurol. This variable riormslizes for diflTerenres In lumo' 
voduroe at treatmeni and for difTarences in oontroJ tumor growth rate 
between cdl lioea. Langiterm comrolt (time to end point >]ao ds^ys] 
were nssigned an 1^-4 value of iOO days, and significanoe of dcug 
efifecK wfli te#tcd using tf»e Mann-Whhnay U test (SlgmaStat v3-i0). 

HypoxSa'SelBafvs eymo^ty of PJi'l04A* The antlprolI^e^ 
ativ« potency of PR-104A wsa cotnpared with chlorambucil 
dnd tii^azamine by determining ICso values in a panel of 10 
human carcinoma cell lines following 4-h drug expostires 
under aerobic and hypoxic conditions (Fig. lA and B). Under 
hypocda (<10 ppm O3 gaa phase}. PR-ia4 varied in potency 
between cell Unea^ with tfxe lowest ICm (0.51 lanolfL) In H46d 
non-sinaU cell lung cancer cells and highest (7.5 juddI/L} in 
PCS prostate ceJU< Ics potency was alightly greater than 
titapazamine in most cdl lines and up to 104oU greater than 
dhlorambudl (Flj. lA). The hypoxic selectivity of PJI-104A, 
measured as the ratio of TCso valued tmder aerobic aiid hypoxic 
conditions (Fig. JB), was -lOO^fbld fipr HCril6, CS3A. andl 
H129D cells and ^ 10-fold for the other odl lines. Tirapazamine 
ahow^ consistently high hyposdc aelectivity ( - 100-fold) In all 
cell lines, whereas chlorambucil lacked hypoadc selectivity. The 
hypoodc fldadivlty of PR-llHA was oonfinned by donogenk 
assay oealnet stirred, sua^sions of hCI116 cells, which 
ufidicBted a similar hypOKle cytotoxldty iBtio ($0-fQld) whether 
cell$ were exposed in muldcdlular spheraida or as single cclU 
£rom en^matically dlssodaled spberoida under equivalent 
ambient condiUons (l^g. IC). 

Rsducthe mBtdbt^Hm efPR- 1 We evftJuated metabolum 
of PR-104A In aerobic and hypoxic suspensiona of SiHa cells 
by liquid chromatogmphy-mass spectiomeuryi a summaiy oi 
the identified metabolites is provided In PSg. 2A, a reprcscnta- 
live chromatoigrani In Fig. 2B| and ihe time course for intni- 
cellular metabolites (esoracted with methanol) and eKtracelluIar 
metabolites (by direct analysis of medium] In Fig. 2C. PR-104A 
was lost from the eactraceUuIar medium ec a faster rate in 
hypoxic culm res (first-order rate comtant, o.2S ± 0.0 1 h'* 
versus 0.045 ± 0,005 h'* under aerobic conditions; data not 
shown). The major intrucellular metabolite under, hypoxia was 
the hydroxylamine PR-104K (base peak tnfz 485 by positive 
mode deetrospray ionisaUoii. correapondii^g to the MM* Ion, 
with an isotope pattern showing 1 Bn representative mass 
spectra arc provided in Suppkmentaiy Fig, $1 and variables 
are summarised in Supplementary Table S;t). Zinc dust 
reduction of PR-104A gave a species idcnticaJ to the.PR-104H 
metabolite (by retention time, ab&oibance. and mass spec* 
msmj. 'nie *H-^^N gradient- enriched heteronucleaf muliiple 
bond correlation nuclear magnetic resonance specmun of syn- 
thetic PR-I04H (see Supplementary Fig. £2}^ showing coupling 
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between the iiStro group N and proton of the CH pmvi to 
The carboxamidc and coupling of the hyciroxylamine N with 
both CH pn>tons. ThU unambiguously iclOTtlfied the posi- 
tion of the hydiojcylansine u pAra to the nitrogen mustard. 
?R-i04H reached ita maximum coriceniratton at 1 h and was 
. present at 10- to 20-fold lower concentrations In aerobic celia 

(Rfr IC). 



, Fig.'i Hvpmd^itctitainivB cytotoxicity of PfVia4A eflBinn humin lumoi ceo into 
M ¥ftra. A, Cao v9hM€ fbr 4-h expoaifc under hyfMMB eondhbnft. Cpfumni^ 
me9t>f^rmMhip(& (mBd3n» Q •^(pqHmQm* wtth eech obB Una; bori S£. CHL. 
ehbr?mhudi;Tn« Wnpmmlnt, Si hypoxic cytmmiQilY rstios (SBrobte ICso/ 
hypcHl« IC^ from tha samft«xpai{inertfi. C elonod'>nre eurvivst eut^a for HCTIIG 
colon cardnoma edls «oosfid to PA'KMA for 4 h «« f Incto oaIa Or muhicellutar 
fiphorolds 81 mvred suspenaions under tfie asms ambiBrn cond^lnof . WUM 9re 
pooted ffon ih^M ficpor'lvifintQ, 



A complex aet of minor products (compounds 1*4} in SiHa 
celU, detected only under hypoxia/ waa formed ■ with 
sh'^tly slower kinetics. These had ati^oiption specba very 
almilar to and mass spectra contistent with di^placo^ 

ment of either tHe bromo or mesylate leaviz^ group of 
PR-]a4R by chloride or hydroxide iorw giving 1 (tn/^ 42$; 

1 a •t' I Br isotope pattern). 2 (n^ 441; 1 Q), ^ {mfc i(iXi 

2 d), and 4 [m/± 4C7; 1 Br). A common hydrolysis product of 
\ to 3. compound S {mfz 363; 1 CI)f was detected, but not 
resolved chromatographically from d. In Additloni a metabo- 
lite in hypoxic cells formed with eimilar kinetics to PR-ld4H 
and had a maaa spectrum [ni^ 46d; 1 Br) consistent with the 
corresponding amine Its identity was confirmed by lis 
presence as a m^nor product \n the zinc du$t reduction of 
PR-104A and its slow autoxi'dacion to PR^ICMH. Its nudeo- 
philic difiplflCBtncnt products 7 (m/x 365; 2 O), not chromat£>- 
Braphlcaliy resolved from 1« and B {mfz \ C\) were also 
detected. 

In addUion, two metAboIitea that We inteipret as aiising 
from reduction of the nitro group orOw to the mustard molcty 
were dcteaed orily under hypoxia. Compound 9 had a maoa 
fipecmim (m/z .373; 1 Br) consistent with cyclization Via 
intramolecular ^IkyUtion of the Who hydroMylamine by the 
mesylate le&ving group of the muvtard to foixn a tetrahydro-: 
quinoxaiine (as repotted following crrt^ nitroreductfon of 
the dinitrobensamide chioromufitard SN 23B62 (21, 30)1. 
corresponding hydrolyfiifi product 10 (m/e 311, no halogens) 
ahowed an absorba&cs spectrum distuicc irom the pons nitro- 
reducTlon products (Supplementaiy Fig. Si) and Incieased 
linearly wiUi dme condscent with Its fioimadoa as a stable 
end produa. 

Certain of the reduced metaboiites were also detected la 
extracdIiUar medium (Hg. 20, r^AO- The extracellular metab- 
olite profile was biased, relative to that urithln ceUa, in iWvor of 
the more lipophilic metabolites. Hiua* the meaylate-coutabiiRg 
PR.I04H was present at -I00<^fo]d lower concemmlons 
than in the cella^ and the oorresponding amine 6 vm not 
detected, whereas the more lipophitte ch)orodifl]daoemem pro- 
duas 1 and 3 and the teuahydioqulnoxaline 10 weie rela* 
tively prominent, This w consistent with more efflctem pasaive 
dii^ion of lipophilic reduction products out of the cslla. 

We Investigated the bioacthrity of reduction products in . 
exuacellular medium, after incubation of bypoodc SiHa cdls 
with PR.104A for 5 \ by assaying the HPLC Actions for 
inhibition of proliferation of the mutant UV4 (Hg. 2Br 

bottomy Thifl showed two new peaks of bioactSvity, in addition 
to PR-104A. TTjc earlier elutlng peak corrtaponded to the 
dichlorohydroQcylaroine 3 and the later peak to the brox&oby- * 
droxylamine/ch lorohydroxylam! nc 1 and/or the dtchlor^ ■ 
amine? (which were not resolved). . 

Pt(-%04A is a hvpetda^taUctivo DHA^^Uanaglng agm- DNA 
croBs-Hnking in SiHa cells following e^osure to PR-104A waa 
shown by fiingle-cal^ gai electrophoresis (comet assay), which 
showed Utile or no effect of drug only (data not shown) but 
greater «uppte«sion of radiation-induct DNA stngle-strand' • 
breska (i.e., greater interstrand cross-linking) under hypojdc 
than aerobic conditiona (FJg. 3A). We also showed that UV41 
cells, which are defective In DNA Interstrand cross-link repair 
by virtue of mutailon of XPF/ERCC4 {31), are hypcrsenaiilvie to 
the maior hypoxic metabolite of PR-104A, the parrt hydroxys 
amine P9.104H (Fig. 3B).thehyperBen5EtivSty of UV41 relative 
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ng. a. Mctabdlm in stimd ^Ha rrB wBpfinaiflns ^eubflwd vvlch PfV1D4A undv hypoxia. A mrtaboto ldmifi»K by orHlno mus «MCttonwtry and (tor Pf4.lD4A srtd 

1 HnJC of BimBcellular medium sfier ineubai^oftdl B m lO'csSB/HrU wiHi 



Pn-104H} bjr nrnpategn of ratentian lime md «b(:edi<ncv cpvctra Nvttfi 

300 junctf/L Pft-104A for S (LThtt t^r m Rha^ absarbonea md lOMtt imoB vhovni bloBclfvltv dT HPLC fwaton* ogairm UV4 cdta, C Mm^ courae af {hnsccaul» bnd 
a«raeflBtiUpmat3bdlittl6r2aOfiniqi/LPR-104AnaM lO^e" " ... . <^ . . 

t296 Of the moon M^»en srioMM^ 



* edb/ML. QunndlRtlon by itaioifaanG& Mnui menn of two «}«}v{niem& Bangss (oirttted for <ieiiiy) gvorsosd 



to 41cER40«l, a human XPP cransfectant re&toring 90% of X?F 
activity to UV41 (32). was 21 -fold un^er aerobic conditions 
and 28-fold under hypoxia. The UV41/4lcER40.1 dlflferentials 
iot PR-I04K were simiJar to those for chlorambucil (Rg. SB]t 
consi^terit with cytoto)(ic>ty of PR-104H being due predomi* 
namly to DNA crois-linktng. 

Incubation of SlHa ceils following exposure; to PR-304A 
rtswkcd in phoflphoiyJaUon of Ser^^' of histonc H2AX (7K2AX), 
which waa more prgminent following hypoxic than- aerobic 
exposure (Kg- 3C). Image analysis showed a 2. 5 -fold increase in 
the geometric mean integrated fluorescence per nucleus after 
hypoxic versui aerobic ^posuce. A aizntlar differentia] was 
shown by flow cytomeuy (Fig. 3D). Chlorambucil also caused 



H2AX phosphoiyUtlon bur in an oxygen-lndependem znanner 
(Fig. 9D). The 'yHSlAX response to both drugs occurred with 
delayed Mnetlca* reaching' a maximum as ~24 h and was 
accompanied by accumulation of cells wUh an 5-pha$c DMA 
content (data not shown). T^uj, 7H2AX induction may be due, . 
In psjt, to arrest of r^Ucation forks at DNA int^Strand Cross- 
links, 

PR'2Q4 is well tQlemted in mice and rapidly ainmted to PR" 
304A.PR'ia4A had limited aqueous solubility (J. 66 mmol/L 
In culture medium); a water-soluble phosphate ester, 
was therefore prepared as a pre-prodrug to release PR- 104 via 
systemic phosphatases (Fig. 4A). Titration of the PR'104-frea 
acid with one equh^alent of sodium bkatboaate gave an 
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aqueous solubiHiy of >200 mmoI/L The MTD of «b a 

single l.p. dose In nude mice wa$ i ,33 mmol/lcg i.p-i equivalent 
to 770 xng/kgof thefteeacid (moleculdrv^elghu 579.38). MTD 
values fcr the other agents inv«fttigated (in mmol/li) were 
0.750 for qnclciphosphamids^ 0.237 for chlorambudL 

far melphalan, 0.}7& for drapsjamin^ 0.0316 for dsplatin, 

0. 10 for docetaiCfcl, and 1,0 for gCTudtsbJue. 

Pacilfi conversion of the phosphati^ ?R-104, to its aJcohol 
PR-104A (identified fay retrntion time;, absorbiiince spectrum* 
and mass spectrum) in mice was shown by liquid diromato^ 
raphy-masfi ^ctrametry of pla^rria (Pig. 4K}. Following i.v. 
dosing, PR-104 was cleared with an iniUal half.life of -3 mtn; 
PR''104A was the major epedc« after 5 mln and had a terminal 
half-life of 13 min. Owr^nce of PU-104 was slower after 

1. p. dosing, suggcfiting raw-limiting absorption from the pcri- 
tonmim, b\tt the plwma arw under the curve of PR-104A after 
i. p. PR-104 (62 nmol-h/L) was 78% of that after i.v. PR-104 
(area under the mrv^ 80 ^^1oi•h/L). l.p. dosing was theraA^re 
used for dierapeudc smdief in mice. 

Histopathology 4d h after an ultimat^y lethal dose of PR-104 
Identified mucosal cell degeneration/xegeneratioa in dbe small 
iJttestine$, particularly fh^ Ucum, as (he. dominant finding in 
seven of dght rtuce, This was usually aasodated with niiid io 
moderate mucosal cell hypertrophy, although no overall loss of 
mucoaal epithelium vras found. In addition^ a moderate 
decrease in bone marrow cellulanty was seen jq all animals, 
particularly the erythrold scries and mcgaltaryocytes. There were 
no other pathology findings, and in animals surviving lo the 
end of h^TD experiments (28 days), no loss of photoreceptor 
Ceils in the retina was evident* whidi contracts our findings 
with (SrapsAamine and CMOlO (15). . 



AnHwmorAetMtytifFM04 



A$rob(C and hypoxk C$U hilHng by PR'104 in hunmn tumor 
xm}$mfts. We first assessed the antitumor activity of PR-104 
by eKdsion a^ay, determinlns donogenic cell suivSval 18 h after 
giving the drug alone or following a single dose of ionising 
ladlaiion Cy) to sterilhee aerobic tumor odis (Fig. SA). 

Using doses at 75% (SiH« and H460) or 100% (HT2d} of MTO, 
PR-104 was active as monotherapy ^inst SiHa, Kr29* and 
H4&0 xienQgrafte (ea^ P '< 0.01), but neither chloianbudi nor 
tlrapazamine provided significant single-agent activity* PR'104 
showed even greater activity when combined with radiaiion# 
with ceil IdlUng at or beyond the dynarbic ran^e of the assay for 
all three tumor types. Tlrapaaamine showed modest bui 
RtatiBtically slgniRcant (P < 0.01] activity after radiation in all 
three lumorq, whereas chlorambucil failed to reach significance 
for SiHa snd H460. These results indicate that PR-104 has 
mariied activity against both radloUologicfllly hyposdc and 
aerobic cdte in $iHa, HT29, and H460 tumor xenografts ^ 
wdi-telerated single do^es. Further studies with the 8iHa 
tumor, a wcll-chamcterized model with respect to hypoxic cell 
content (33. 34), using PRrl04 pt 0Jt66 mmol/O^ (2C% of its 
MID), oonrirmcd its activity after irradlaiion (P < p.OOi) and 
showed that the three reference nitrogen jnusiards lacked 
activity apinst hypojdc cells 20% of tbdr respective MTO. 
values (Pig. $B), 

AnsUamwr acUvlly of PR'l04 ntonoiherapy in tumor gnwth 
(May assays. The notable activity of PR*104 as a single agent 
by tumor exdsion assay led \i$ to evaluate its activity using a 
tumor growth delay end point. To let whether PR-104 
monotherapy Is schedule dependent* we compared a ddily 
(qd X 14) versus weekly (qw x 3) sdiedule against the 
diemoreslstaiit H450 xenograft model using the same total 




f^.a. Hvp«(i>nle0tivePNActamogoby 
Pn-104^ A flIkBfirM comMottayfwONA 

SiflQlc-iSMfMl tifCAKd Bt SiH(k cdb ckpoood 
to PfMa4A (80 iimol/U) toi 1 h undar 
BsraUa or hvpoxi« can^tSons; DMA 
rftQctd^^nd 0iV8S-S>^'}i9 ^ onhsncBd 
under hvpoatta bb shown hv grsatm 
suppmslon of rQacstion-iRduoed ona 
br^t*£( dnt^rgHfdrBt]VBfict(vltv<ICBo 
wIwb) ofcNoramUjcIf ind PR>104H 
sftBT 4-h dtv9 exposura of .UV4t and Ito 
XPF-niRiQnzd cauntwpm C41cBUe.i) 
w/i^tof sernbfe and hypoido eondittons. 
C srHa tsdh iinmunosteinod for -yH2AX 
24 h aflar s 1. h aerobio or hypQ)^ OKpOSUTO 
to too iimDl/L pn^104A. Nude» outline* 
(VvAAp) were defined by A'M\tm\dSno^^ 
phcfyfindoto coaxpining. a flow cytofnetry 
profita of jHlAK k\ mHn 24 h 
9fter1-h Bsrabte or hypoxic axpcsuio to 
aTifonnitaudt (7Sjimal/L) or PRp104A 
(100itmaf/U 



www,Qacr|oumal8,org 3927 Qin Cancer R88 2Q07i13fl3) Jifly 1 2007 



PAGE 3B'RCVDAT3/6I2009 3:19:37 PM [Eastern Stw^^^ 



NIXON & VANDERHYE PCS Fax:703-816-4100 



Mar 6 2009 16:31 



P. 34 



Fig, 4, PhemiBCDftinetiCfi of PR-104 !n CO-1 nu/nu rvi^A STfUOivm of ths 

phoqahaift pre-prAdrufl Pfl.104 6n0 itt ni«jo» ^bema mstsboflte PB-104A. 

A plasms pharrrBco Mnfldca rdbwbn} {iu or disdng wrfth ffm04 m 0»6S mmol/ltfl, 

htemslBtaidBRte. Psln^ mun hrtasBidinBlBperpDinltben, GE. 



dose (3^ mmal/kg] over U days, whicb was well tblenaied 
using bdlh «di£!du!e8 (Fig. 6A): Both schedules were highly 
acthn (P < 0.001, log-rank test)* extertding xnedUa sdrvlvat fay 
22.5 and 335 days, mpectWeiiy. each providing two of nine 
long-term controls and SGD of 450% and 300%r res^ecdvety 
(P < 0.001 with respect to controls]. The dlffemire In survival 
proibabllHy in the two schedules was not-significant VVe further 
compared PR- 104 versus four widely ii$ed dt«ai.oth erspy diugs 
(docetaxel, dspUtln, gemcltablne, and cTclophospharalde) 
against H4$o tumors with a q4d x 3 schedule (Pt& udng 
each agent at its MTD (or of MID in the' case of 
eemcltabine}. H460 xenografts showed atgnificant sjensltMiy 
only to ?R-] 04; this schedule gave comparable activity to the 
qw X 3 and qd x 14 schedules used in Fig. dA. 

Given this su^ong antitumor activity Against H46Q, we tested 
seven addKion&l )cemqgraf^ models using the q4d >c 3 Schedule 
with a total do$e of 3.2 mmol/kg, which was the Krtp for thU 
schedule. summarized in Table 1^ six of the eight modeU 
showed statistically aignificant improvement in survival as 
detemiined fay log-ranlc test, with increases in median survival 
ranging from 8 to >77 dayi Overall, there were 7 of «5 (10.8%) 
long-t^rm controls. These observations were corroborated by 
statistically significant SCDa in she of the ei^t models (see 
Supplcmcntflcy 7Ig. $3 fox examples of growth delay curves, 
which are shown for H460, and A3 780 tumors), 

Anzittiffior Aaivit^ 0fPR-t04 in tambiruttian wUJi gftmcttaffins 

or docitaxeL The poor tissue penetration of aomc Chemother* 
apy agents (S) has the potential to spare hypoxic tumor cells. 



We therefore hypothesised that addition of PR-104 to dmgs 
Whh suboptima! extravsscular transpoit propmies would 
Improve treatment outcome. Gemcitabine has been reported 
to be least cffecth/e againjtt cells In or adjacent to hypoxic 
regions of tumors (35). We therefore tested the combination of 
gemdtablne and PR-104 against the huTnan pancreatic xeno^ 
graft modef Panc-01 (Fig. 6C). Gsmcitaiaixie was active as a 
single agent increasing median survival by 1 1 daya (P < 0.001 « 
log-rank test; SCO of €1%; P - o;oO]). PR-104 possessed 
comparable sin^Mgent aah% in this line (median sunrival, 
n dsy$; P < aOOl, log-rank test; SGD, 50%; P = 0.024). The 
combination provided therapeutic activity greater ihan either 
agent aions; with a median survival of sa days (P < 0.001. 
log-ranle tc«) !W"th tumor regression in eight of nine animals 
(SGD«.152%; P < 0.001;. tumor growth curves are shown in 
Supplementary Fig, S4A). Post hoc ANOVA (Holm^tdak 
method) confirmed ihe aurvi^l probability for the combina- 
tion group as significantly different from either single agent 
(P<0.03). 

Hnally, we evaluated docetaxd using the androgen-re^ctoiy 
human proaiaic xenograft 22RVJ. The high molecular weight 
and target avidity of taasanes is li3<ely to limit their tis^ 
peneaation {S$, 37). Moderate antitumor activity was deen 
for either docetaxel or Pil-104 alone, with median smytval 
increases of 14^ and 17 days {P < 0.002), respectively, and. 
coipesponding SGfts of J22% (P - 0.O14) and 15«W (P - 
0.001}. Coadmioistration of dQceia>eel and PR- 104 provided 
a <ft-day improv^ent In median survival (P < O.aoi) with 
tumor regression in nine of nine vilmals (tumorgrowth curves 
are shown in Supplcfnentary Fig, 54B), three of which (33%) 
failed to regrow by day lf}0 (SGD, 6B3%; P < O.oOl). Post 
hoc ANOVA confirmed the significance of the combined agent 
dienpeutjc gain (P <. 0.01). 

Ittls nudy describes a nitrogen mustard pre-prodrug. P]^104, 
designed to target ttimor hypoxia throxigh Its selective 
metabolism to an acrivsted DNA anos»-linking sgeni. We show 
that PR-104 is a tvra-sstage prodrug aystem; PR-] 04 itself is a 
water-ioluble phosphate estac neadily formulated ax high 
concentraUona, Vfhich la rapidly hydrolyaed in i/<m» to the less 
soluble alcohol metabolite PR-104A (Pig. 4), The. latter is 
sufficiently irpophilic to penetrate through multiple layeia of 
tumor cellSr required to reach hypoxic taiget cells, as dhown by 
its equivalent cytotoxfdty against intact and dissociated 
multicellular spheroids .^Flg. IG). The alcohol PI^-104A ia a 
hypoKla^cthmted pmdn^ shown by Its sdective metabolic 
reduction (Fig. 2), DMA damage (Pig. 3), and cytotOKidty 
(Fig. 1) under hypoodc conditSons. 

The key metabolite ^m PR~104A in hyponc cells* PI^-lb4li 
was identified as the hydroxylamine resulting from reduction 
of the nitjo group para to the mustard moiety. Steady^tate 
concentrations of PR-104H in hypoxic SIHa cells were lO- 
to .20-ibld higher under hyposdc than aerobic conditions 
(Rg 2C)p similar to the hypoxic cytotoo^idty di£Fez^ti8l in this 
cell line (Fig. 16). This is consistent with cyxbioxidty occurring 
predominantly through this pathway under both aerobic and 
hypoxic conditions. Tetrahydroqulnoxallne metabolitea from 
ort/t0 nitrbreduction and iniramolecular alkyiation [as reported 
previously for the prototype DKTfiM SN 23862 (21. 30)| were 
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abo detected in SiHa cdls (compounds ^ and 10 inrig.2A]. 
The arthd niicoreduction pathway generates a nionofuncu'onal 
munarcl and is unlikely to contribute to cycotoxietry (30), but 
itfi Atable end produa 10 insy be a u^dut biomaiker for 
hypomc activation of I'I^-\04A. 

We also detected multiple products artsirgfrom P)M 04H (and 
the minor amine metabolite 6) by replacement of the (nustard 
leaving groups with Q" or OH' (compounds 1-5, 7, and 8). The * 
absence of analogous products from PIt-104A iisdf, ; despite 
iu much higher roncentracion, is dear evidence that reduc- 
tion of the r>itro group activateB the nitrogen mustard moiety 
to nucleophilic dlsplacezneoL This confirms the Original 
design concept for hypoxic acdvation of cSiroaromatic mus*- 
tards, which was to exploit the large change in electn^n density 
on the mustard nitrogen afiTorded by the bloiraniforma- 
tion of an electron-withdrawing nUro group to an eicctron- 
. donatjng hydro>!7laminc or amine (33). this dmronic switch 
presumably contributes to the greater cytoiosddiy: of the 
reduced extracellular jii«tabolUea I, 3* and 7 than PK-i04A* 
relative to their molar ooncentratioiia* in the bioassay study 
(Rg. 2B). 

The prellitiJnaiy investigation of DMA damage by PR-1Q4A 
reported here suggests that DNA inter$trand cro$s-l inking m the 
major mechanisin of cytotosdcity. PIM WA f6m$ aonn livMsi in 
SiHa cells selectively under hypoxia (Fig. 3A)» and its major 
hypoxic metabolite PR-1 04H shows hypoxia-in dependent 
(dective toxicity to Uy41 cells defective In DNA Interstrand 
cross-tlnk repair (Fig. 3B}. The quantitative rdatlonship 
between cytotoxicity and cross-link form?ition hss yet to be 
establish^, but the latter is a potential response biomarl<er 
with utiUiy during clinical development of nitrogen musiard 
prodrugs (39). Of note» 8er^^' phosphorylation of hiscotic 
H2AXto form •yH2AX, a weH-edtdblished biomaricer of double- 
etrand break formation {i<))t wa» shown with both PR-104A 



and chlorambucil, with a greater response lo PK-104 but not 
chlorambucil under hypoxia. To our knowledge* yH2AX 
induction by nitrogen mustards has not prevfoualy been 
raponed in tumor cells, further studies are needed to determine 
whether this reflects collapse of r«lpllcatiOA fbtka at crowkUnks 
and whether ■yK2AX has pomential as a pharmaoodynamic 
biomarker. A possible Umiialion tn this context is that the 
enhancement In 7H2AX response to I^Rri04A by hypoxia 
(C^ 3C and D) seemed to be less than that for qrtotbxicity 
(Ftg. 1C). which may reiflea complicating effects on cell cycle 
progression and replication fork arrest 

It is noteworthy that PR-L04H hsdf makes Utde contribu- 
tion to bioadivity in the otiracellular medium, relative to the 
Riorq lipophilic metabolites in which Q (hydrophobidty 
substituent constant r = 0.7)) replaces the mesylate group 
(n a -0,64), This is consistent with the relatively low cyto- 
toxic potency of exogenously added PR-104H (sltgbtly less 
than qhlgrambucil) when added to UV41 cultures (Fig. 3B). 
V7e Infer that the cytotoxicity of the cetraceUuIar metabolites 
of PR-104 reflects their membiaoe transport prtjpmies ■ « 
well as their reactivities. The picture that emeiges is of a 
small ^mily of oxygen-in«en$itive activated metabolites of 
PR't04A in hypoxic cellS/ with a range of tissue diffusion 
properties, and that the more lipophilic metabolites, such 
as 1/ 3, and 7, are likely to be the dominant mediators of 
bystander effects In lumorsw 

Frankly toxic doses of PR^104 (1,76 mmol/kgJ i,p.) in 
aihymic CD-t mice identified gastrointestinal toidpty. and 
bone marrow hypocdlularity as probable doso-Umiting xox* 
Icities. No nettnal dianges vmre svidenti indicating this phy- 
siologically hypoxic normal tissue Is insensitive to PR-104A 
{unlike tirapaaamine and Ch2020 (15)]^ COIUlStttht With 
recent suidiea showing that the O2 concentration for 5096 
inhibition PR-104A fTtotoxtcity in SiHa cultuzes is 10-lbld 
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Fig. 6. KBDlan-Mfliersuv;Mlp!Qfi6 
dt^ne sinoloogHffl BCtfvlty of n^104 
(A find and cDmlQihution tiwmVh&fBfff 
ooKiHy fttd ^) by l.s. dosing as^bStM 
3J0, xoiparsfts {n CDI-Foml'^ miee« 
A nnonbiheropv JctNfty of PM.04 with 
dsity (0.23 nimol/ltfl/doBe; od k 14) c 
weekly 0»07 iirimp|/)^A<«e; qw x 3) 

S, MfKfiarison 6f 1^104 O>07 mmol/Ka/ 
d099) wtth doceteml (0l024 mmfif/k^ 
dcseK 9enndtah!n« (0.42 mmo(/kgAiOa6), 
citp(Min (0^076 mmaf/kaydasel and 
cvtiophosphsEn')d9 (0 ^0 mm^l/k^^ciOdG) 
»d^fHt K460xd)logrdf(B using a q<id x 3 . 
schedula* All compounds wem divan atThHr 
respeoUuB MTO toi thif tehe^ub, cHMpt 
dRTrmitabne (56%of MTD). C iintitunncr 
flffluey cf gemdtftbine {1X34 mmd/kg/ 
dbM). nt-104 (a.S2 nnmal/leQ/dfiB^. or qm 
ciifldntiiAnBnd eamfainad&ii asoiinct 
P«»>01 POnCfMtiC xwiograftE uslnq a 
Q4d k 3 aeheduls. 0 antitumor efffucy 
ordpeoc8KB( (OL042m7iai;kg/dose}. 
Pa-to^ <o.5S ramPlAflAioft^ or *d 
oosdmfnTBtered combfrntion mainit22RW 
andfDgan>raf raciqry posisio asnOBreftB 
vpAeaq2WX3««nadul6. 



lower than for ilrapMamine.' 'Htis requirement for severe 
hypoxia for 1PR-104A nctlvsilon msy conttibute to its excellem 
fh vto tolerance at high dofie. 

T.p« admtntnratloh of the phosphate pro>prodnig PR>104 
to miea at 42% of (ts KfTD, proyiited ar«a unde the cum 
values for PR-I04A tn plasma of mica (£2 iimplrhfL) well in 
excess of that required far hypoxic q^totoxidty in a human 
tumor cell line panel tn vim (Fie. lA; area under thii cujve 
values at rCso firom 2.) to so pmoUH/L). Coiuiaunt %Mth ihi^, 
PI%-104 showed marked actWlty against hypoxic -cens in 
muJUple human tumor jtenoBraA models (Hg* 5)» A atrikiog 
BSpett of the dat^ 18 tliat PRO 04 was xnudi more acdve than 
tirapsaamine againdi hypoxic cells (i.e., when given afler a tarse 
dose of radiation to sterilise aerobic cells} tn (he three tumor 
models In which these agents were compared (SfHa, Kr29, and 
K4($0; Pig. 5). PR-t04A waa.no more potent and ;waa less 
hypoxtn selecth/? (han tirapseamine against these same cell 
lines in vitro (Fig. lA and B). Thfe disparity may refleo. In pan, 
the limited ability of tirapazamine to penetrate into hypoxic 
regions of tumors {^), aionK with the 7.5-fbJd higher molar 
dose of PR- 104 achievable in mice. PRO 04 was also much 
more active than conventional nitrogen mustards (mdphalan^ 
chlorambucil, and cyclophosphamide) at equivalent i&ftcdons 
of their respective MTDs in kllllna hypoxic cells In SiKa tumors 
{Kg. 56). 

. Further, PR- 104 (but not tirapasamine) showed substantial 
activity as monocherapy using either exdsion assays (fig. 5) or 
tumor ^Qvrth delay end points (Table 1; Fig. 6). This shows 



" Hick& KO, Myini f^nerson n tl Qxyficn dOj>cndon» and OMmvoacutsr 
transport o/ hypaxla-actlvBtBd ^rednios: connpsrbon at chedinitrebeniamidie mm^ 
tard PR-104Aand tirapezBRilne. tnt J Ra^ Ohool filor Rhys, in prass, 3097. 



that PR'l04 kills (he aerobic subpopulation as well hypoxic 
ceils in these tumonL- It is not yn dear, to what eoent this 
xeflectfl the opnatieo of a Ipyatander efliea (hypoxic metabolites 
diflufiing into adjoining aerobic r^biw) or whether the yeiy 
high systemic oqsosures to PRp104A thai can be achieved are 
■ufildent to kill aerobic cells directly. The importance of direct 
activicy against aerobic celts is sugS^ted by an apparent 
correlation between aiirobic sensitivity tn vUm [B^ t) 'aod 
monotherapy antitumor activity (Tabte l); the three lixiei 
showing the largest oimor responses (H460t SiMa, and KT39) . 
had high hypoxic ICsa values and low aerobic iC^c values 
relative to the two tell lines that w^re less resptmaive 
in vivo (KS2d9 and C3SA). Single-agent activity has also been 
noted for VPN40S41 (41), an analogue of KS119W chat is a 
nitroaromatic prodoig of a sulfbnyfhydrazine DNA cross- 
linking agent. (42). The ability of nkrogen mustards, and other 
ooss-iinking agents with longJived DNA lesions, to cause cell 
cycle-independent cytotoxicity may underlie their utility in 
killing Glowly cycling hypoxic cells In tumors. Thia is also 
consistent v^th the apparent schedule independence of 
104A as monotherapy, which showed similar activity when 
(he same total dose was.glven on a dally or weekly sdiedute. 
The singie-agent acdvlty of PR- 104 against K4ti0 uimam 
reiVaaory to docetaxel, cisplatin, gemcitabln^ and cydopboa- 
phamide (Piga, 5A and 6A and B) is pardcularly striking and 
suggests that intraiumor aa^vation of nitrogen mustards using 
hypoxia targeting can overcome the treBtment-reftkctory nature 
of this tumor (43, 44). 

Despite tliis notable monotherapy aoivity, the therapeudc 
advantage of hypoxia-activatcd prodrugs is expected to be 
grsacest In combination with agents that spare hypoxic cells 
reported in preclinical models for tirapazanitne (45), ClOOlO 
(i9)i banoxanuone (AQ4K; f«f. and NLCQO (46) with 
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*rgmont nonpeJpBble or below end point size (mean tUemoterr XS mm) at lOO d. 

VSGD (modlfen tumor growth delay as a % or rnedran tbtie fbr oontrols to reach end point; see Msterialft and Methods). 
*^oted enelysls of two expertrnenes- 



iad{»tion or cytotaxSc chemotherapy. Hie supra-addlifve 
A£tivitif of PR-104 vrhtt) combitied with gemdtablDe sibd idth 
dooetazel 5n two dififecent tumor models (Hg. 6B and C) points 
to this potential. The tute of gemdtablne and dooeiaxd In the 
treatment of severely hypoodc turooiv^ such as .cardnoma of the 
pancreas {47, andpnraiBte [B, 50]^ su^^ts lhaLi|dInlca1 
benefit GDuJd be derived &Dm the addition of a hyposda- 
activated prodrug, Buds a5 PR-104, to standard of care. 

Overall the noBdSnlcal studfca reported betie show ^lat 
PR-204 has marked aaivity agaiiut multiple, human tumor 
xeno^aft models. Hkia tiierapeutic activity is seeo whea=PR-lQ4 
i& used as monatheTBpy or in combiuation with zgi^ni» for 
which hypoxic cells a/e liMy to limit therapeutic responac 
(illustrated by radiotherapy and docetaxel or geondtabSnc 
diemothenipy). Our woE^g modd (s that the .eHftkacy of 
renect9 two key features we have sought to des^ imo 
the DN&M dasB of hypojria-activated pirodrugQ, The Ai^t Is an 
effideat bymnder. effo:^ the possibility of whid) 1$ dugse^ed 
by identification of cytotoxic oxysen-stable lipophilic . extra* 
cellular metabolites of m hypoxic tumor ceil cultures 

(Fig, 2). Analogous metaboUte«9 of earlier DNBM prodrugs hava 
been fihown to s^Ve efficient bystander ejects when i^viced 



by BsciigrMa ali [22, 23} or by endogenous reductases 
Id tumor ceHs (21). The itscattd feature iu the restiiotlan of 
metabohc aaivation to severe (patiiologic) hyposda to mini- 
cnize activktion in phyQiploglcally hypoxic normal tissues. We 
have recently dhown that the oxygen conceatzatlons requireij 
to inhibh cytotmddty of PR-l 04A in SIHa cultures ate iOrfM 
lower than for tiiapazamiiie,^ *Ihi8 combinaiion of ejBEbcttve 
inhibition of acdvatioa at noiinal tissue osygen tensions with 
a bystander ef&a provides an attractive paradiem for ptploit- 
ing tumor hypoxia. Oinica) evaluation of PR'lMi now in 
progress, will determine whether this promiBe tmnalates Into 
effective cancer, therapy. • . 
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